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i Abstract
b
ﬁi Surface-dressed Bloch equations are derived from a

microscopic Hamiltonian which includes the interactions among
an adatom, the laser photon and the phonon modes. The

influence of the surface on the
adatom is analyzed in terms of:
damping factor which depends on

population inversion of the
(i) the reflected-field-induced
the orientation of the transition

dipole and the adatom-surface separation and (ii) the frequency
shift and damping factor induced by the phonon modes.
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I. Introduction

The interaction of laser radiation with matter in homogeneous
. systems has been extensively studied for the past several years.l'2
_ However, for heterogeneous systems (e.g., gaseous atoms near or
B adsorbed on a solid surface) the laser-stimulated surface
phenomena (desorption, dissociation, migration and reactions)
involving both multiphoton and multiphonon processes have been

3=5 1n previous studies, we have investi-

only recently attacked.
gated the excitation and relaxation dynamics of adspecies subjected
to IR radiation in which only the vibrational degrees of freedom
are concerned.4 In the present paper, we shall investigate the
electronic excitation of a two-level atom adsorbed on a metal
surface and subjected to UV or visible laser radiation. 1In the
absence of a solid surface or when the atom is very far from the
surface, the population inversion and the power spectrum of the
system may be described by an ordinary optical Bloch equation
(OBE). In the presence of a surface at a distance from the

adatom which is comparable to the optical wavelength, the

dynamical phenomena are influenced by the following factors:

(i) nonradiative energy relaxation of the excited atom via

electron-phonon coupling; (ii) radiative spontaneous decay and
stimulated emission produced by both the applied field and the
reflected field; (iii) the oscillatory behavior of the lifetime
of the adatom due to the interference between the applied field
and the reflected field; (iv) the reflectivity and refraction

index of the surface; (v) surface-induced dephasing of the
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dipole; and (vi) interaction between the adatom and plasmons;
as a first step, we assume that the effects of the conduction
electrons in the metal just provide a reflected field acting

back to the adatom.

II. Microscopic Hamiltonian and Surface-Dressed Bloch Equations
To investigate the above surface phenomena, we start
with a microscopic Hamiltonian describing a two~level

adatom subjected to laser radiation,
H=HA+HB+HF+HAB+HAF+ HAR+HBF' (1)

HA’ Hp and Hp are the unperturbed Hamiltohians for the adatom,
phonon and photon (laser) modes, respectively:; HAB' HAF and
HAR describe the interaction of the adatom (A) with the phonon
bath (B) modes, the applied field photon (F) modes and the
reflected field (R), respectively; and HBF is the interaction
between the B modes and the applied field. For a laser frequency
in the visible to UV range, the phonon (B) modes have much
weaker absorption compared to that of the adatom, and thereby
the direct heating of the substrate due to Hpp is negligible.
In this work, the effect of Hpp will be displayed in terms of
the strength of the reflected electric field due to the reflec-
tivity of the surface.

Employing Pauli's matrices for the two-level adatom and

harmonic ladder operators for the photon and phonon modes, the

total Hamiltonian may be éxpressed in a second-quantization
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form which leads to the eguations of motion, in the rotating-

wave approximation, as follows:‘

Oyg = =iwgoy, + 1§Gvnv03 + iicxaxo3 - YRO12 ¢ (2a)
. - + +
04 2i§cx(ala12 + a,0,,) + ZigGv(Bvalz + B,0,,) (2b)
a, = -imaA + i.c)‘o]_2 ' (2¢)
B, = -iwu B, - igGvaOIZ . (2d)
o35 = [i><j| is the atomic transition operator, 04 = 0,5 = 0y;.
and wg and w are the adatomic transition and laser field frequencies,
respectively; C,y and G, are the coupling coefficients in the
interaction Hamiltonians Hpap and Hpp’ respectively; the multi-
phonon processes are governed by the phonon operator, Bv,
frequency, Ev' and occupation number, Nv' given by5
v _ v
B, = by, W, = %wj ' (3a)
J
N,(T) = l;(nj +1) - gnj ' (3b)
my(m) = (hos/kT - gy, (3¢)
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where wj is the frequency of the j-th phonon mode with a
thermal equilibrium occupation number at temperature T defined
by Eq. (3c). The applied laser field is quantized by its ladder
operator a, for the A-th mode.

The effects of the quantized reflected field come in through

the last term in Eq. (2a), which depends on the damping factor YR

YR = 2lu12I21mf/ﬁ ' (4)

where ¥y2 is the electric-dipole transition matrix element between
states |i> and {j>. The function £(d) = Ref(d) + iImf(d), depending
on the orientation of the dipole with respect to the surface, is

given by6

2 1 i 2id
f (d) = =R|— —— -~ ——x|e (5a)
L [x3) [ [«25’ (28) ’] ]
1 1 1 i 2id
£,.(d) = Rl 2.+ = 2l (5b)
" [x3] [ [(26)3 2d (zd)’] ]

for the perpendicular and parallel cases. The reduced distance

is d=d/X= 21d/)\, where 4 is the distance of the adatom from the
surface and ) is the wavelength of the field. R is the reflectivity
of the surface taking into account the interaction between the

phonon modes and the field, H Since R &1, we shall neglect

BF’®

the effects of HB and assume a perfectly reflective surface.

F
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- With the help of many-body techniques applied to multiphonon

processes,s'7 we obtain the surface-dressed Bloch eguations (SBE) ;8

u ~¥2

. a s

{ r.{3 V| = A -Yz + Yl . (6)
w 0

u and v are the components, in units of the transition moment,

of the adatomic dipole moment "in phase" and "in quadratufe" with

the applied field. w is the population inversion, w = <o3>, with

the equilibrium value Veq’ where Veq = -1 for the adatom initially
in its ground state and W, = 1 for the excited state. 2 = luleol/ﬁ

is the Rabi frequency and is proportional to the amplitude

o of the applied electric field, E,, which is assumed to have

a slowly-varying envelope. '71 and 72 are the relaxation

factors for the inversion and for the dipole, respectively, and L is the
effective detuning of the laser field frequency with respect

to the adatomic transition frequency. These surface-dressed parameters

are related to the surface-free parameters by
A=A+ 6wr + CwB R {(7a)

f 71 = Z(YB + A/2) ’ (7b)

g Vo=1g + M2+, + v (7¢)
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where A-=wo-u is the surface-~free detuning, A is the Einstein
coefficient for spontaneous emission, GwF and GwB are the frequency
shifts due to the applied field and phonons, respectively, and
Yg and Y, are the phonon-induced energy (Tl) and phase (Tz) relaxa-

tion rates, respectively. The phonon-induced frequency shift and

damping factor are given by5

|Gv N,
Swg = P} » P = principal part (8a)
vV oowg W
vp = LIG 12N, 8w, - B) (8b)
B v \Y 0 v

\Y

which, in contrast to that of the optically-induced parameters,
are strongly temperature dependent through the multiphonon
occupation number,Nv(T» given by Eq. (3b). We note that these
features of temperature dependence disappear when just a single-
phonon process is considered in HAB’
The steady-state population inversion is found analytically

to be (for weqz-l)

(¥,/7,)02 )1
Ys.s. = \1*t =T ' (9)
e Do A+?2
which is sensitive to the reduced distance and dipole orientation
through the surface-dressed parameters ;1' ?2 ana 4. We see from

the above equation that the criterion for the weak-field limit in

the SBE, given by
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a? << (B2+309,/9,

is a weaker condition than that in the surface-free OBE due to

the éurface-dressed parameters.

III. Discussion

The SBE displayed in Eq. (6) are different from the surface-
free OBE due to the influence of the reflected field, YR’ and the
effects of the electron-phonon coupling, GwB and Yg* We note that
these surface-induced effects are characterized by various system
parameters such as the temperature of the surface, the orientation
and position of the induced dipole of the adatom, the transition

frequencies of the adatom (wo) and the phonons (wj), and the wave-

length of the applied field. For example, by the concept of the

"energy gap law", Sup and Yp increase when the temperature of the
surface increases and/or the order of the multiphonon coupling, p,
|
|

is the frequency shift
4,5

defined by P = (wp + Swp + GwB)/wj where GwA

due to the multimode property of the laser, decreases.

From Eqs. (4) and
(5), we see that Yp is sensitive to the reduced distance, d=d4/27),
where for sufficiently small d the value of Yg oscillates as a
function of 4, as does also the lifetime of the adatom.

In conclusion, we have shown that from a microscopic Hamil-
- tonian the SBE can be obtained, which exhibit important surface
effects on the excitation of a two-level atom. The results
suggest that monochromatic laser radiation might be used not only
. as a characterization of surface adspecies, such as orientation,

but also as a probe of the dynamics of rate processes occurring

at a solid surface both for vibrational and electronic excitations.

.. . R .
M 2 B e & e e - . . - - . . - . -
PR T S ST S S N P P P - - e I B R L. L y



Wy Wy W W W W, T

‘ —— ¢ & _Sudt dgus § i o) Ty e T ity -~ i
g~ S SRRSO A IR TS T A NI I e e Lt e e e e A L e e e LT

»

Al
b )

’s
.

e

o Y v W,
todlr o 2l oA LA

. el 'H o
et CRUURML N

.
PR )

Acknowledgements

This work was supported in part by the Air Force Office of
Scientific Research (AFSC), the United States Air Force, under
Grant No. AFOSR 82-0046, the Office of Naval Research .3 the
U.S. Army Research Office. The United States Governm is
authorized to reproduce and distribute reprints for ¢ . <~nmental
purposes notwithstanding any copyright notation hereoi.. Thomas
F. George acknowledges the Camille and Henry Dreyfus Foundation

for a Teacher-Scholar Award (1975-84).

References

l. L. Allen and J. H. Eberly, Optical Resonance and Two-Level

Atoms (Wiley, New York, 1975).

2. P. A. Schultz, Aa. S. Sudbo, D. J. Krainovich, H. S. Kowk,

Y. R. Shen and Y. T. Lee, Annu. Rev. Phys. Chem. 30, 379

(1979) and references therein.

‘T.q'. T
RO
AR

L]

G. S. Selwyn and M. C. Lin in Lasers as Reactants and Probes

in Chemistry, ed. by W. M. Jackson and A. B. Harvey (Howard

University Press, Washington, D. C., 1983), in press.

J. Lin, A. C. Beri, M. Hutchinson, W. C. Murphy and T. F.

YTy
- . .
[

*

George, Phys. Lett. 79A, 233 (1980) and references therein.
S. J. Lin and T. F. George, J. Phys. Chem. 84, 2957 (1980).

6. R. R. Chance, A. Prock and R. Silbey, Adv. Chem. Phys. 38,
1 (1978).

7. W. H. Louisell, Quantum Statistical Properties of Radiation
(Wiley, New York, 1973).
8. J. Lin, to be published.

. . - L . .- P o P PRy
R T P A P T G




b
»
"
.

IR0 ¥

b Se Euni

.......................

TECHNICAL REPORT DISTRIBUTION LIST, GEN

.................................

472:GAN:716-4
94 /GEN

Office of Naval Research
Attn: Code 413

800 North Quincy Street
Arlington, Virginia 22217

ONR Pasadena Detachment
Attn: Dr. R. J. Marcus
1030 East Green Street
Pasadena, California 91106

Commander, Naval Air Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

Washington, D.C. 20360

Defense Technical Information Center
Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Saalfeld

Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375

U.S. Army Research Office

Attn: CRD-AA-IP

P. 0. Box 12211

Research Triangle Park, N.C. 27709

Mr. Vincent Schaper
DTNSRDC Code 2803
Annapolis, Maryland 21402°

Naval Ocean Systems Center
Attn: Dr. S. Yamamoto
Marine Sciences Division

San Diego, California 91232

Dr. David L. Nelson
Chemistry Program

Office of Naval Research
800 North Quincy Street
Arlington, Virginia 22217

No.
Copies

Naval Ocean Systems Center
Attn: Mr. Joe McCartney
San Diego, California 92152

Naval Weapons Center

Attn: Dr. A. B. Amster,
Chemistry Division

China, Lake, California 93555

Naval Civil Engineering Laboratory
Attn: Dr. R. W. Drisko
Port Hueneme, California 93401

1 Dean William Tolles
Naval Postgraduate School
Monterey, California 93940

12 Scientific Advisor
Commandant of the Marine Corps
(Code RD-1)
Washington, D.C. 20380
1 Naval Ship Research and Development
Center
Attn: Dr. G. Bosmajian, Applied
Chemistry Division
Annapolis, Maryland 21401

Mr. John Boyle
Materials Branch
Naval Ship Engineering Center
1 Philadelphia, Pennsylvania 19112

Mr. A. M. Anzalcne
Administrative Librarian
PLASTEC/ARRADCOM

1 Bldg 3401
Dover, New Jersey 07801




. - T e T 4 e s e T
LI PG T S Rl g U N e

472:GAN:716-4

94/056
TECHNICAL REPORT DISTRIBUTION LIST, 056
No.
Copies
1 Dr. G. A. Somorjai Dr. W. Kohn
Department of Chemistry Department of Physics
University of Califorumnia . University of California
Berkeley, California 94720 1 (San Diego)
La Jolla, California 92037 1
{ Dr. J. Murday
Naval Research Laboratory Dr. R. L. Park
*l Surface Chemistry Division (6170) Director, Center of Materials
455 Overlook Avenue, S.W. Research
Washington, D.C. 20375 1 University of Maryland
College Park, Maryland 20742 1
Dr. J. B. Budson
Materials Division Dr. W. T. Peria
t’ Rensselaer Polytechnic Institute Electrical Engineering Department
Troy, New York 12181 1 University of Minnesota
3 Minneapolis, Minnesota 55455 1
3 Dr. Theodore E. Madey
Surface Chemistry Section Dr. Chia-wei Wco
Department of Commerce Department of Physics
1. Bational Bureau of Standards Northwestern University
Washington, D.C. 20234 1 Evanston, Illinois 60201 1
{ Dr. J. M. White Dr. Robert M. Hexter
! Department of Chemistry Department of Chemistry
University of Texas University of Minnesota
il Austin, Texas 78712 1 Minneapolis, Minnesota 55455 1
1
3 Dr. Keith H. Johnson Dr. R. P. Van Duyne
Department of Metallurgy and Chemistry Department
Materials Science Northwestern University
g Massachusetts Institute of Technology Evanston, Illinois 60201 1
e Cambridge, Massachusetts 02139 1
Dr. S. Sibener
Dr. J. E. Demuth Department of Chemistry
1 IBM Corporation James Franck Institute
Thomas J. Watson Research Center 5640 Ellis Avenue
5 P. 0. Box 218 Chicago, Illinois 60637 1
¢ Yorktown Heights, Nev York 10598 1
{ Dr. M. G. Lagally
Dr. C. P. Flynn Department of Metallurgical
Department of Physics and Mining Engineering
University of Illinois University of Wisconsin
}. Urbana, Illinois 61801 1 Madison, Wisconsin 53706 1
#
¢



472:GAN:716-4
94/056

TECHNICAL REPORT DISTRIBUTION LIST, 056

Dr. Robert Gomer
Department of Chemistry
James Franck Institute
5640 Ellis Avenue
Chicago, Illinois 60637

'Dr. R. G. Wallis

Department of Physics
University of California, Irvine
Irvine, California 92664

Dr. D. Ramaker

Chenistry Department

George Washington University
Washington, D.C. 20052

Dr. P. Hansma
Physics Department
University of Califormia,
Santa Barbara
Santa Barbara, California 93106

Dr. J. C. Bemminger

Chemistry Department

University of California, Irvine
Irvine, California 92717

Dr. Martin Fleischmann
Department of Chemistry
Southampton University
Southampton S09 5NH
Hampshire, England

SR e AR S e 4 Aot a0 are o -
RPN ‘ o T R

Dr. G. Rubloff

IBM

Thomas J. Watson Research Center
K P. 0. Box 218
- Yorktown Heights, New York 10598
[ |

Dr. J. A. Gardner
Department of Physics
Oregon State University
Corvallis, Oregon 97331

e S

3

Dr. G. D. Stein

Mechanical Engineering Department
Northwestern University
Evanston, [llinois 60201

M M o8 0 i Aea s A e hath Bl
- A L

No.
Copies

Dr. K. G. Spears
Chemistry Departaent
Northwestern University
Evanston, Illinois 60201

Dr. R. W. Plummer

University of Pennsylvanias
Department of Physics
Philadelphia, Pennsylvania 19104

Dr. E. Yeager

Department of Chemistry

Case Western Reserve University
Cleveland, Ohio 41106

Professor D. Hercules
University of Pittsburgh
Chemistry Department
Pittsburgh, Pennsylvania 15260

Professor N. Winograd

The Pennsylvania State University
Department of Chemistry

University Park, Pennsylvania 16802

Professor T. F.

er, New York 14627

Professor Dudley R. Herschbach
Harvard College

Office for Research Contracts
1350 Massachusetts Avenue
Cambridge, Massachusetts 02138

Professor Horia Metiu
University of California,
Santa Barbara
Chemistry Department
Santa Barbara, California 93106

Professor A. Steckl

Rensselaer Polytechnic Institute

Department of Electrical and
Systems Engineering

Integrated Circuits Laboratories

Troy, New York 12181

No.
ngich




v b - RN Nt e 3 St N e Tn ST Vg W L,
AN AN A DR ST R SO RN A PO 0 A AT S R DI AR DS Gt G N SN

a lmiia

i ) ' 472:GAN:716-4
. 94/056

TECHNICAL REPORT DISTRIBUTION LIST, 056
| ] No.
Coptes

Dr. Joha T. Yates
- Depurtment of Chemistry
. University of Pittsburgh
" Pittsburgh, Pennsylvania 15260 1 ¢

; Professor G. H. Morrison

b Department of Chemistry

Cornell University :

Ithaca, New York 14853 1

Captain Lee Myers

AFOSR/NC )

Bolling AFB

Washington, D.C. 20332 1

Dr. David Squire

Arwy Research Office

P. 0. Box 12211 .
Research Triangle Park, NC 27709 1

Professor Ronald Boffman

Department of Chemistry

Cornell University

Ithaca, New York 14853 1

MO CA

- Ty YTV
"'T"'r"'-'rd'-l".
PN .

PRk A Sl A
. AT,

B T S R P U U S SR Y U S G Y S Y a & aas







